A cryogen-free terahertz (THz) imaging system based on a high-temperature superconducting (HTS)
situ gold film were deposited by Ceraco GmbH, Germany. The YBCO film is patterned and ion-beam etched to form a 2 μm wide Josephson junction. The in situ Au was removed from the junction area using the in-housing Ar reactive ion etching technique. An additional gold layer of ~ 300 nm thick was then deposited and patterned to form the antenna structure and contact pads. An in situ Au layer is necessary to improve the adhesion of the Au layer to YBCO film and reduce the contact resistance [15] . However, our study also showed if using YBCO film and Au bi-layer for the antenna, the noise increased presumably due to both increased surface resistance of YBCO film at high frequency and large contact resistance between the YBCO and Au films. We have, therefore, used Au thin-film for the antenna and kept only narrow YBCO micro strip lines for the DC current and voltage leads (see Fig. 1 The design of the antenna-coupled detector is different from those reported in [10, 11] where the junction was located across the ring slot but at a position orthogonal to the axis of the coplanar waveguide filter. The step-edge junctions reported here are integrated across the ring slot at a position which is co-linear with the coplanar waveguide filter and the local slot width has two different sizes: 4 µm and 7 m for optimising the RF coupling. The slot width is widened at the junction for easier junction alignment in the ring slot during device fabrication. These modifications were undertaken to improve the impedance matching between the ring slot antenna and the junction. The very low impedance (typically, 1-5 ) of the junction makes impedance matching difficult and care must be taken when designing the device to avoid shorting the ring slot antenna with the junction which would have a deleterious effect on the antenna's performance. The detector/antenna/lens was then mounted on a commercial pulse-tube cryocooler (PTC) (Janis model PTSHI-4-5 by Research Inc.) cold-head with the silicon lens on the back of the chip facing the cryocooler window where the THz beam radiation is incident, as shown in Fig. 2 . The detector characteristics and acquisition of the THz images were studied over the operating temperature range 50 K to 77K; a temperature range attainable with a single stage miniature cryocooler. It should be noted that a significantly smaller cryocooler than the one used here could be employed in future systems to improve system portability. We have measured the antenna-coupled detector RF voltage response versus the signal frequency.
The THz imaging system

Results and discussion
Detector Characterisations
The obtained frequency response range is from 590 GHz to 650 GHz, i.e. ~ 10% bandwidth. However, we also measured the radiation frequency pattern of the AMC source using the VDI diode, which showed the similar frequency pattern. Therefore, we conclude that the simulated bandwidth (~ 12%) of the ring slot is larger than the source frequency bandwidth (~ 10%) and it was not possible for us to experimentally verify the radiation pattern bandwidth of the ring-slot antenna. The voltage output for a given input RF signal will depend on the responsivity of the maximum zerovoltage current to RF signal. The greater the dynamic resistance, R D = dV/dI, at the operating point, the greater the output voltage will be. We can estimate the detector voltage responsivity using the following simple expression if we assume the load circuit is matched to the dynamic resistance, R D , of the junction and the input impedance to be simply the junction resistance R n [16].
The voltage responsivity can be expressed as: Responsivity (V/W)
We also measured the noise performance of the Josephson detectors. Figure 8 shows the noise spectra of the low-noise amplifier (LNA), detector base-noise with cryocooler compressor "off" and "on" when the THz signal is blocked. The measured LNA input noise when shorted at input is 2 nV/√Hz. When the detector is connected to the LNA, the input noise is 3-4 nV/√Hz of which the slight increase is believed to be due to the long wires from the detector to the LNA. There were negligible changes the noise floor when the PTC compressor turned "on" and "off" indicating that the cryocooler contributes little noise to the detector noise. The detector noise was limited by the room temperature LNA rather than the HTS Josephson junction intrinsic noise. We can estimate the noise equivalent power (NEP) of the detector using the input noise of the LNA and the measured voltage responsivity of the detector. A NEP of ~ 3x10 -13 W/√Hz to 5 x10 -12 W/√Hz was obtained for the detector operating at 50 K to 77 K, an order of magnitude improvement when the operating temperature lowered from 77 K to 50 K. It is anticipated that the sensitivity and the NEP should continue to improve with further decreasing the temperature. However, our HTS detectors were designed for operating at higher temperatures and 50-77K is the typical temperature range a singlestage cryocooler could reach. It is worth mentioning that the estimated NEP = 1.67x10 -11 W/√Hz of our earlier detector working at 10 K reported in [10] was for the imaging system noise rather than for the HTS Josephson detector as it was amplified 100x and included the lock-in amplifier noise.
Using the pre-amplified noise figure, i.e., 1V/100 = 10 nV, a NEP of ~ 1.67 x10 -13 W/√Hz was btained for the detector reported in [10] . 1.0x10 -6
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Conclusions:
A cryogen-free HTS Josephson detector-based terahertz imager was presented. A compact, 
